ABSTRACT Introduction: Ectopic fat deposition may contribute to chronic inflammation in people with HIV (PWH). To provide information for future mechanistic studies of metabolic risk in this population, we sought to determine which fat measures relate more strongly to inflammation and whether the fat-inflammation relationship is modified by sex or HIV status.
INTRODUCTION
With the advent of effective antiretroviral therapy (ART), people with HIV (PWH) are living longer [1] . PWH can experience body fat changes, which can be related to age, duration of HIV infection, and ART [2] [3] [4] [5] [6] [7] . Body fat changes have also been associated with HIV-related systemic inflammation and immune activation [8, 9] . Together with lifestyle behaviors (eg, physical activity, dietary intake), these factors influence body mass and systemic metabolism, which in turn may impact cardiovascular health in PWH.
Being overweight and obese is highly prevalent among PWH worldwide and varies by sex [10, 11] and geographic region [12] . Obesity is characterized by excessive ectopic fat deposition, which is related to cardiovascular disease [13, 14] . Obese PWH receiving ART have high levels of chronic inflammation and immune activation despite viral suppression. Total body adiposity-and particularly the quantity and radiodensity of ectopic visceral fat deposition around the heart and in the liver-may contribute to chronic inflammation in PWH [15, 16] .
In this study, we examined the association of BMI and ectopic visceral fat burden with systemic inflammation. We further explored whether these associations were different in PWH compared to uninfected persons or in women compared to men.
METHODS

Participants
This analysis was conducted using the participants from the Boosting Health by Changing Activity (BOBCAT) study [17] . The BOBCAT study (NCT02553291) was a 6-month randomized clinical trial conducted in Cleveland, Ohio that tested the effect of a 6-session, behavior change intervention on physical activity and diet intervention among PWH. The study procedures and effects of the intervention on physical activity and diet have been reported elsewhere [17] , and in this analysis we examined the baseline associations among BMI, computed tomography (CT)-derived ectopic visceral fat burden and systemic inflammation among sedentary, adult PWH. The University Hospitals Cleveland Medical Center IRB approved the study, and all participants signed written informed consent.
Of the 107 PWH enrolled in the BOBCAT study, 2 participants did not have a baseline CT scan. Therefore, 105 participants were available for this analysis. All PWH were receiving stable ART and had HIV-1 viral loads of <400 copies/mL for at least 1 year before enrollment. Twenty HIV-negative comparators were recruited as part of a pilot sub-study. All study participants were adults over 18 years of age with a Framingham 20-year CVD risk score > 20% for females and > 30% for males. Clinical history was obtained by chart review, and a targeted physical exam was performed to determine body anthropometrics, including body mass index (BMI), waist circumference, and waist-to-hip ratio. A fasting serum blood draw was used to measure HbA1c, glucose, and insulin. Insulin resistance was calculated using the homeostatic model assessment of insulin resistance (HOMA-IR) equation [18] . Standard BMI categories were used: underweight or normal (BMI < 25), overweight (BMI [25] [26] [27] [28] [29] [30] , and obese (BMI > 30).
Cardiac Computed Tomography
All participants underwent a gated non-contrast 64-slice multi-detector CT scan of the chest for coronary artery calcium scoring. Three-millimeter slices were obtained from the carina to the liver with prospective ECG gating at 60% of the R-R interval. Ectopic fat volumes were measured offline on a dedicated workstation (Aquarius 3D Workstation, TeraRecon, San Mateo, CA), and included pericardial fat (PCF) volume and thoracic periaortic adipose tissue (TAT) volume in milliliters [19] . In addition, regional variation in the radiodensity of PCF was measured as the mean Hounsfield unit (HU) of one 10 mm 2 region of interest in (A) the right AV groove at the level of the proximal RCA (peri-RCA) and (B) the region above the left atrium (LA roof) [20] . Mean liver density was measured in HU as a continuous measure that closely reflects the degree of fatty infiltration [21] . Three ROIs of 1cm 2 were obtained in the parenchyma of the right lobe of the liver, taking care to avoid vascular structures and hepatic cysts. The average of these 3 mea-surements was used for analysis. A liver density < 40 HU was used as a clinically accepted measure of moderate to severe steatosis.
Biomarkers of Inflammation
Two circulating biomarkers of systemic inflammation were measured. Interleukin-6 (IL-6) was measured by ELISA (Quantikine HS ELISA, R&D Systems) and high sensitivity C-reactive protein (hs-CRP) was measured by immunoturbidimetry (Beckman AU5800).
Statistics
Scatter plots and correlation were used to analyze the relationships between BMI, markers of cardiometabolic risk, HIV status, and the markers of systemic inflammation IL-6 and hs-CRP. Variables were examined for departures from normal distribution and log transformation was performed when appropriate. Pearson correlations were used for normally distributed variables and Spearman correlations for non-normally distributed variables. Unadjusted and multivariate adjusted linear regression models were used to determine the relationship between the fat measures and natural-log-transformed IL-6 and hs-CRP. These included an unadjusted model, a model adjusting for age, sex, race, and HIV status, and a fully-adjusted model further adjusting for current smoking, systolic blood pressure, and insulin resistance (HOMA-IR). The interactions between BMI and HIV status and BMI and sex were explored with scatter plots and by adding interaction terms to the fully adjusted models. Sex-interactions with ectopic fat measures were then explored in a similar fashion. A P-value of < 0.05 was considered statistically significant, and a P-value between 0.05 and 0.10 was considered borderline statistically significant.
RESULTS
Characteristics of the study population are shown by HIV status and sex in Table 1 . A Supplemental Table further characterizes the participant characteristics by BMI category. Overall, the mean age was 52 years, 37% were female and 42% had BMI >30. Women had higher mean BMI (35 vs 27, women vs men; P < 0.001), but lower waist-to-hip ratio (0.92 vs 0.96; P = 0.007). Systolic blood pressure (P = 0.038) and HOMA-IR (P < 0.001) increased across BMI categories, but there was no statistically significant difference in HbA1c levels. PWH with higher BMI had higher CD4+ counts (P = 0.010).
As expected, BMI positively correlated with PCF (r = 0.531, P < 0.001) and TAT (r = 0.393, P < 0.001) and negatively with liver density (r = -0.293, P = 0.001). Of the 2 novel measures of fat radiodensity, only LA roof density was inversely correlated with BMI (r = -0.483, P < 0.001), while peri-RCA density was not (r = 0.087, P = 0.35). Table 2 describes the correlation of inflammation markers and ectopic fat measures with markers of cardiometabolic risk. Systolic BP and insulin resistance were the markers most consistently correlated with inflammation and ectopic fat. IL-6 was positively correlated with markers of cardiometabolic risk; however, correlations with hs-CRP were weaker and not statistically significant (all P > 0.05). Similarly, LA roof radiodensity was inversely correlated with SBP and HOMA-IR, but peri-RCA radiodensity was not. Correlations between ectopic fat volumes (PCF and TAT) and cardiometabolic risk were generally in the opposite direction of correlations between measures of fat density and cardiometabolic risk. 
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Positive correlation at P < 0.001 Table 3 displays the association of BMI and ectopic fat measures with (A) natural-log-transformed IL-6 and (B) natural-log-transformed hs-CRP values in unadjusted and adjusted linear regression models. In fully adjusted models, BMI was associated with both IL-6 (P = 0.001) and hs-CRP (P < 0.001). Scatter plots showed that BMI correlated with IL-6 (overall r = 0.308, P < 0.001) and hs-CRP concentrations (overall r = 0.389, P < 0.001); however, the strength of this association was significantly greater in women than in men ( Figure 1A ; for interaction in the fully adjusted model P = 0.047 for IL-6 and P = 0.06 for hs-CRP). In contrast, there was no significant interaction by HIV status ( Figure 1B ; P for interactions > 0.3). Ectopic PCF and TAT volumes were positively associated with both IL-6 and hs-CRP (Table 3) ; however, adjustment for demographics and traditional risk factors somewhat attenuated these relationships. Furthermore, LA roof fat radiodensity (but not peri-RCA radiodensity) was inversely associated with hs-CRP in fully adjusted models and the association with IL-6 was borderline statistically significant (P = 0.054). In analyses of the sex-interaction, the magnitude of the inverse correlation between LA roof density and IL-6 and the positive correlation between PCF and IL-6 were stronger for women than for men (Figure 2A and 2B, interaction P = 0.05 for both). Similar interactions were observed for hs-CRP, but were statistically weaker (P = 0.06 to 0.11). Sex interactions with TAT and peri-RCA radiodensity for both markers of inflammation were not significant (all P > 0.1). Mean liver attenuation was not consistently associated with either IL-6 or hs-CRP (Table 3 ; all P > 0.4). 
DISCUSSION
Our findings demonstrate that among PWH receiving ART, total body adiposity and measures of ectopic fat volume and radiodensity are associated with circulating biomarkers of inflammation. We confirm and extend previous findings from our group [15, 16] by adding a measure of liver fat and regional assessment of PCF density in a new population of participants from a lifestyle intervention trial. Specifically, we show that total and ectopic fat burden appears to correlate with inflammation independently of traditional risk factors, and that the association of PCF density with inflammation may depend on the location of the measurement within the PCF fat depot. Importantly, we found evidence that the fat-inflammation relationship is stronger for women than men, but does not appear to differ by HIV status.
HIV infection and use of ART can lead to well-documented alterations in fat distribution and metabolic abnormalities [22] . The extent to which these pathological changes in fat structure and function are markers of or contribute in a causal way to chronic systemic inflammation and immune activation is an area of active research. If a phenotype of adiposopathy (ie "sick fat") [23] can be identified among some with treated HIV infection using non-invasive imaging, then targeting these patients with lifestyle interventions and metabolic therapies may reduce the levels of chronic inflammation and immune activation that are thought to contribute to a wide range of non-AIDS chronic comorbidities such as cardiovascular disease and cancer.
An intervention that targets PCF specifically may have a greater impact on coronary heart disease, since it has been reported that PCF harbors proinflammatory cytokines that may directly influence the pathobiology of coronary atherosclerosis due to its close proximity and lack of fascial separation between the fat and arterial wall [24, 25] . We have previously shown that the PCF density is inversely associated with systemic inflammation [16] ; however, in that study we measured global PCF density. The finding from this study that LA roof density is more strongly associated with systemic inflammation than peri-RCA fat may reflect regional differences in the association of PCF with the adiposopathy phenotype. This may represent differences in vascularity between a peri-coronary location and the LA roof [26] . Recent histologic studies [27] have confirmed that CT measured radiodensity of subcutaneous fat directly correlates with adiposity size among PWH receiving ART. Therefore, because pericardial fat is enriched with brown adipocytes that are smaller, more dense, and have high uncoupling protein-1 (UCP-1) expression [26] , the pro-inflammatory adiposopathy phenotype may be reflected in the LA roof depot as a loss of UCP-1 activity, increased adipocyte size, and decreased PCF radiodensity. On the other hand, in the peri-RCA location, the correlation of radiodensity with adiposopathy may be confounded by local perivascular inflammation that increases radiodensity by increasing water content and fibrosis [20, 28] .
Although sex and HIV status clearly affect fat distribution and function, whether the relationship between adiposity and inflammation differs by sex or HIV status is not clear [12, 29] . Many studies of PWH lack HIV-negative controls or sufficient numbers of female participants to evaluate these interactions. This appears to be the first study of PWH to show that the fat-inflammation relationship is stronger in women than in men. Our findings suggest that future observational studies and clinical trials of fat and inflammation in PWH should intentionally enroll enough women to allow for sex-stratified analyses. On the other hand, we did not find evidence that HIV status modifies the relationship between total body adiposity and inflammation. Although our study was nearly 40% female, the number of HIV-negative controls was small. Larger studies with more HIV-negative controls may be necessary to determine whether the fat-inflammation link is different in HIV-infected vs HIV-negative participants.
The other main limitation of this study is its cross-sectional nature, which may have resulted in residual confounding and does not allow for determination of causality. Additionally, we lacked detailed information on current individual ART drugs and drug classes. Because a recent clinical trial has suggested that differences in subcutaneous and visceral fat density change with different ART regimens [27] , future studies should examine whether these differences are modified by sex. Finally, only a small proportion of participants met radiologic criteria for clinically significant hepatic steatosis, which may have limited our ability to detect relationships between liver fat and inflammation as has been reported by others [30] .
CONCLUSIONS
Among PWH receiving ART, higher BMI and excessive visceral fat burden were associated with circulating markers of systemic inflammation. Because these measures appear to be more strongly related to inflammation among women than men, future clinical studies of metabolic risk and inflammation among PWH should include sex-stratified analyses.
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